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THz radiation using the two plasmon decay and the backward Raman scattering
S. Son
18 Caleb Lane, Princeton, NJ, 08540
A scheme of THz radiation using two moderately intense lasers and a moderately relativistic
electron beam is proposed. In the scheme, a laser encounters a co-propagating relativistic electron
beam, and excites plasmons via the two-plasmon decay. The excited plasmons will emit the THz
radiations, interacting with the second laser via the Raman scattering. Our estimation suggests
that the mean-free path of the pump laser to the THz radiation is much shorter than the Thomson
scattering. The physical parameters for practical interests are presented.
PACS numbers: 42.55.Vc, 42.65.Ky, 52.38.-r, 52.35.Hr
An intense THz light source with frequency between 1
and 10 THz has many applications [1–4]. However, signif-
icant progresses over the intensity of the THz light need
to be made before those applications are realized, because
there are various limitations of the available technolo-
gies [5–15]; The current inability to produce high intense
THz light comparable to the theoretical limit is referred
to as the “THz gap” [5–7].
One emerging way to generate intense THz light is
the scattering between an electron beam and an intense
laser [16, 17], potentially surpassing the conventional free
electron laser (FEL) [14, 15]. Those schemes become
plausible thanks to the great advance in the electron
beam [18, 19] and the intense laser [20–23], which are
being developed for the inertial confinement fusion [24–
26]. In this paper, we propose a new scheme of intense
THz radiation based on the laser-plasma interaction be-
tween an electron beam and a laser.
Consider a situation when an intense laser (plas-
mon pump) encounters a moderately relativistic electron
beam moving in the same direction. Denote the electron
density and velocity (the relativistic factor) of the beam
as n0 and v0 (γ
−1
0
=
√
1− β2, β = v0/c). If the laser
frequency satisfies the following condition:
ωpp0 ∼= (2 +
√
3β)
√
γ0ωpe, (1)
where ωpp0 is the laser frequency and ω
2
pe = 4πn0e
2/me
is the plasmon frequency, the laser excites the plasmons
via the well-known two plasmon decay [27, 28]. Then, the
second laser (BRS pump laser), injected into the electron
beam in the same direction, could emit the THz radia-
tions via the BRS between the plasmon pump laser and
the plasmons excited. The THz radiation (the seed pulse)
will be emitted in the opposite direction to the electron
beam. Due to the relativistic velocity of the electron
beam, the ratio of the seed pulse frequency to the BRS
pump laser frequency is given as
ωs0
ωp0
∼=
√
(1 + 3P 2)−
√
3βP√
1 + 3S2 +
√
3βS
, (2)
where P = S − 1/
√
3. ωs0 (ωp0) is the frequency of the
seed pulse (pump pulse) and S is defined as
S =
(
ωp0
γ
1/2
0
ωpe
− γ
1/2
0
ωpe
ωp0
)
/2
√
3. (3)
where it is assume that β ∼= 1. In this paper, we derive
Eqs. (1) and (2) and analyze the practical plausibility of
the current scheme. We suggest that the optimal value
of S should be 1.0 < S < 10.0, and the electron beam
density (the beam relativistic factor) should be of 1015/cc
to 1017/cc (1 to 10). The required intensity of lasers is
shown to be considerably lower than other schemes of
the THz radiation, The conversion efficiency of the pump
laser energy to the THz radiation is shown to be a few
pecents, which is ultra higher than other schemes. The
disadvantages or advantages over various other schemes
are discussed.
To begin with, consider a rather uniform relativistic
electron beam with the density n0 in the laboratory frame
and the relativistic factor γ0. The plasmon pump laser
propagates in the same direction with the electron beam.
It is most convenient to describe the physics in the co-
moving reference frame where the electron beam is sta-
tionary. From now on, we denote the laboratory frame
(the co-moving frame) as 0 (1); For an example, the
wave frequency and the wave vector in the laboratory
frame (the co-moving frame) are denoted as ωpp0 and
kpp0 (ωpp1 and kpp1). In the co-moving frame, the elec-
tron density is given as n1 = n0/γ0 due to the length
dilation and a photon satisfies the dispersion relation
ship, ω2 = ω2pe/γ0 + c
2k2. The two plasmon decay oc-
curs when ω ∼= 2ωpe/√γ0 in the co-moving frame or
ck ∼=
√
3ωpe/
√
γ0. Using the photon dispersion relation-
ship and the Lorentz transform, the wave vectors (wave
frequencies) between the laboratory frame and the co-
moving frame are related as
ωpp0 = γ0
[√
ω2pe/γ0 + c
2k2pp1 + vkpp1
]
, (4)
kpp0 = γ0
[
kpp1 +
ωpp1
c
v0
c
]
, (5)
where ωpp0 and kpp0 (ωpp1 and kpp1) are the wave fre-
2quency and the vector of the laser in the laboratory frame
(the co-moving frame). From Eq. (4) and the condi-
tion of the two-plasmon decay (ckpp1 ∼=
√
3ωpe/
√
γ0),
we derive Eq. (1). In the two-plasmon decay, the plas-
mons with the angle π/4 to the laser direction are ex-
cited most strongly [27]. Our primary interest is the
plasmon with the wave vector in the parallel direction
to the electron beam. For the strong plasmon in that
direction, the laser should be in the π/4 angle to the
electron beam direction in the co-moving frame [27] or
kpp1x/kpp1z ∼= 1 where kpp1x and kpp1z is the wave vec-
tor in the x and z direction (the beam direction is as-
sumed to be the z-direction). The kpp0z can be ob-
tained from Eq. (5) while kpp1x = kpp0x, and then
ckpp0x ∼=
√
1.5ωpe/
√
γ0 and ckpp0z ∼= γ0(
√
1.5 + 2β)/
√
γ0
so that kpp0z/kpp0x ∼= γ0(1 +
√
8/3β).
As the plasmon pump laser satisfies ωpp1 ∼= 2ωpe/√γ0
in the co-moving frame, it will excite the plasmons via
the two-plasmon decay. The density fluctuation due to
laser is well-analyzed and given as [27]
(
δn1
n1
)2
∼= 3
8π
(
c
vte
)(
c2k2pp1γ0
ω2pe
)(
e2E2pp1γ0
m2eω
2
pec
2
)
=
9
2π
γ20
(
c
vte
)(
v2q
c2
)(
k2
3
k2pp1
)
, (6)
where Epp1 is the electric field strength of the plas-
mon pump laser in the co-moving frame, and vq =
eEpp1/meωppl is the quiver velocity, k3 is the wave vec-
tor of the plasmon, vte is the electron thermal veloc-
ity in the same frame, and we use ckpp1 ∼=
√
3ωpe/
√
γ0
and ωpp1 = 2ckpp1/
√
3. The threshold condition for the
two-plasmon decay is given as 1/3(vq/vte)
2kpp1L > 1,
where L is the length scale of the density variation. For
an example, for the co2 laser with kpp1L ∼= 100 and 1
keV electron plasma, the threshold intensity is given as
I ∼= 1010 W/cm2 when k3/kpp1 ∼= 3. One useful fact is
that the quiver velocity vq is invariant under the Lorentz
transform. Also note that the kinetic energy spread
δE/E of the electron beam in the laboratory frame is
the same order with the velocity spread of the beam in
the co-moving frame: δE/E ∼= δv/v. Assuming the beam
energy spread in the laboratory frame is between 1 % and
10 %, the electron temperature in the co-moving frame
is between 50 eV and 5 keV.
If plasmons with considerable intensity are excited by
the plasmon pump laser as in Eq. (6), and another laser
(BRS pump laser) is injected into the beam in the same
direction with the electron beam, the RBS pump laser
and the plasmons could induce the THz radiation via
the BRS. The energy and momentum conservation of the
BRS is given as
ωp1 = ωs1 + ω3,
kp1 = ks1 + k3, (7)
where ωp1 and kp1 (ωs1 and ks1) is the wave frequency
and vector of the BRS pump laser (the seed pulse) in
the co-moving frame, and k3 and ω3 is the wave vector
and the wave frequency of the Langmuir wave excited:
ω3 ∼= ωpe/
√
γ0. It is usually the case that kp1 > kpp1
and thus define S = kp1/kpp1 > 1. Then the wave fre-
quencies of the pump pulse (the seed pulse) between the
co-moving frame and the laboratory frame are related
from the Lorentz transform:
ωs0√
γ0ωpe
=
(√
1 + P 2 −
√
3βP
)
= ∆p,
ωp0√
γ0ωpe
=
(√
1 + 3S2 +
√
3βS
)
= ∆s, (8)
where we use P = ks1/kpp1 ∼= (kp1 − ωpe/
√
γ0)/kpp1) ∼=
S − 1/
√
3 (valid when S − 1/
√
3 > 1). From Eq. (8),
Eq. (2) and Eq. (3) can be derived.
The THz radiation induced by the BRS from the pump
pulse and the plasmon is described in the co-moving
frame as follows [29].(
∂
∂t
+ vs
∂
∂x
+ ν2
)
As = −icsApA∗3, (9)
where Ai = eEi1/meωi1c is the ratio of the electron
quiver velocity of the pump pulse (i = p) and seed pulse
(i = s), relative to the velocity of the light c, A3 = δn1/n1
is the the Langmuir wave amplitude, ν2 is the rate of the
inverse bremsstrahlung of the seed and c2 = ω
2
3
/2ωp1.
From Eq. (9), the considerable part of the pump energy
will be transferred to the seed pulse when csA3δtb ∼= 1:
lb = δtc ∼= c(2ωs1/ω23)(1/A3). (10)
On the other hand, the Thomson scattering suggests
that lt ∼= 1/nσt with σt = (mc2/e2)2. For an exam-
ple, when n1 ∼= 1016/cc, we estimate lt ∼= 109 cm and
lb ∼= (10−2/A3)S2 cm. Even for A3 ∼= 0.001, the THz
radiation by the BRS is considerably stronger than the
Thomson scattering or lt ≫ lb
The maximum conversion efficiency from the pump
energy to the seed energy can be estimated as follows.
Denote the total energy of the BRS pump laser (the
seed laser) in the laboratory frame as Ep0 (Es0). In the
co-moving frame, the BRS pump energy is seen to be
Ep1 ∼= (
√
3SEp0/∆sγ0) from Eq. (8). Considering the
conversion efficiency in this co-moving as ǫ1, the energy
of the seed pulse is given as Es1 = ǫ1(∆pγ0Ep1/
√
3S).
This energy of the seed pulse is seen in the laboratory to
be Es0 = ǫ1∆pγ0Es1/
√
3S ∼= ǫ1(∆p/∆s)Ep0. Then, the
conversion efficiency in the laboratory frame is given as
ǫ0 =
(
∆p
∆s
)
ǫ1 ∼=
(√
(1 + 3P 2)−
√
3βP√
(1 + 3S2) +
√
3βS
)
ǫ1. (11)
3The estimation of ǫ1 in the co-moving frame follows.
If the plasmons excited by the two-plasmon decay are
isotropically distributed, the radiation by the BRS would
be isotropic as in the Thomson scattering. However,
only the photon in the direct opposite direction to the
beam direction would be down-shifted to the THz range
in the laboratory frame; The angular width, that are
relevant to the THz, will be dθ ∼= S/∆sγ0 in the co-
moving frame. Then, the conversion efficiency ǫ1 would
be ǫ1 ∼= (S/∆pγ0)2. On the other hand, if the angular
distribution of the plasmons are sharply peaked at θ = 0,
the most of the pump pulse will be radiated into the op-
posite direction to the beam, in which case ǫ1 ∼= 1. From
the above consideration, we could estimate the optimal
conversion efficiency as
(
S2
∆2pγ
2
0
)(
∆p
∆s
)
< ǫ0 <
∆p
∆s
. (12)
Eq. (12) is the maximum possible efficiency since we as-
sume that most of the BRS pump energy will be radiated
via the BRS scattering. In Eq. (12), it is assumed that
dθ = S/∆sγ0 < 1. If S/∆sγ0 > 1 as is often the case,
then ǫ0 ∼= ∆p/∆s.
We provide the estimation of the gain, the mean-free
path and the THz frequency in a few examples of the
electron beams and the lasers in Table (I). From the es-
timations, we conclude that, for the most effective THz
radiation, the S (γ0) should be in the range 1 < S < 5
(2 < γ0 < 10) and that the plasmon (BRS) pump laser
could be the co2 or ND:YAG laser but preferentially
the co2 laser. The THz photon generated ranges from
0.5 THz to 10 THz. The conversion efficiency could be
as high as a few percents and the BRS wave length is
always shorter than the Thomson scattering in those ex-
amples.
In summary, we propose a scheme of THz radiations.
The scheme is based on the two-plasmon decay and the
backward Raman scattering. The first laser excites plas-
mons via the two-plasmon decay in a moderately rela-
tivistic electron beam, and the second laser excites the
BRS and emits the THz radiation in the opposite direc-
tion to the beam. The estimation suggests that the laser
wave length between 1 µm and 10 µm can be used as the
BRS and plasmon pump lasers. and that the optimal
electron beam has the density of 1015/cc to 1017/cc and
the relativistic factor of 2 to 10. The frequency of the
THz radiation would be between 0.5 THz and 10 THz.
We estimate the conversion efficiency as high as a few
%. The mean-free path of the BRS is shown to be much
shorter than the Thomson scattering.
In comparison with other THz schemes using the laser-
plasma interaction [16, 17], the threshold intensity (con-
version efficiency) of the pump laser is lower (higher)
than the other schemes. However, the scheme proposed
has a few drawbacks. First, an uniform electron beam is
1 2 3 4
n16 16 5.26 46 13.72
γ0 5 15 2 100
S 4.42 9.42 2.42 3
λpp0 10.9 10 9.95 2.41
λp0 2.45 1.15 7.27 1.1
Fs0 1.87 0.53 5.21 3.17
A3 0.2 0.45 0.067 0.027
lt 9.15 85 1.3 218
lb 0.09 0.27 0.034 1.81
∆p/∆s 65 484 7.9 89√
S/∆pγ0 3.7 9.2 1.15 0.24
TABLE I: The laser and electron beam parameter and the
characteristic of the THz radiation In the table, n16 is the
electron density n0 normalized by 10
16/cc, S is defined in
Eq. (3), λpp1 and λp0 is the wave length of the plasmon and
BRS pump laser normalized by THz, Fs0 = ωs0/2pi is the fre-
quency of the seed pulse normalized by 1012/ sec from Eq. (2),
A3 = δn1/n1 is the plasmon intensity given in Eq. (6), lt (lb)
is the mean-free path of the Thomson scattering (BRS) in
the unit of cm obtained from Eq. (10), ∆p/∆s is the ratio of
the seed pulse frequency to the BRS pump pulse frequency
as given in Eq. (2). In this example, we consider the plasmon
pump intensity of I = 1011 W/ sec and the electron temper-
ature of the beam in the co-moving frame is assumed to be 5
KeV.
needed for strong two-plasmon decay. Second, the beam
size should be rather long for high conversion efficiency.
Third, once the electron beam characteristics such as the
density and the relativistic factor are fixed, the plasma
pump frequency cannot be adjusted as given in Eq. (1).
However, even with all these drawbacks, the scheme could
be very attractive as a THz source due to the lower laser
intensity threshold and the possible high conversion effi-
ciency.
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